The 18 O signal preserved in paleoarchives is widely used to reconstruct past climate conditions. In many speleothems, this signal is classically interpreted via the amount effect. However, recent work has shown that precipitation 18 O ( 18 O P ) is greatly influenced by convective processes distinct from precipitation amount, and new observations indicate that 18 O P is negatively correlated with the fraction of stratiform precipitation. Isotope-enabled climate models have emerged as a key interpretive tool in water isotope systematics, and it is thus important to determine to what extent they can reproduce these relationships. Here seven isotope-enabled models, including the state-of-the-art model iCAM5, are evaluated to see whether they can simulate the impact of convective activity on 18 O P in observations. The results show that, of these models, only iCAM5 can simulate the observed anticorrelation between stratiform fraction and 18 O P . Furthermore, while all models can simulate the observed relationship between outgoing longwave radiation and 18 O P , different models achieve this via different mechanisms-some getting the right answer for the wrong reasons. Because iCAM5 appears in various metrics to correctly simulate 18 O P variability, we use it to examine long-standing interpretations of 18 O P over Asia. We find that the contribution of convective processes is very site dependent, with local processes accounting for a very small amount of variance at the sites of most Chinese cave records (speleothems). The residual is attributed to source and transport effects. Our results imply that state-of-the-art models like iCAM5 can and should be used to guide the interpretation of 18 O P -based proxies.
Introduction
The 18 O signal preserved in paleoarchives (e.g., corals, speleothem, tree ring cellulose, and ice cores) is widely used to reconstruct past climate conditions. In the tropics, the inverse relationship between precipitation 18 O and precipitation amount, namely, the amount effect (Dansgaard, 1964) , is often invoked to interpret 18 O as a proxy for precipitation amount (Cheng et al., 2006; Yadava et al., 2004; Yuan et al., 2004) . However, recent studies have shown that precipitation 18 O ( 18 O P ) is controlled by a wider range of processes.
Observational studies of 18 O P reveal that convective storms, especially organized convective systems, generate lower 18 O P than nonconvective storms or disorganized convection (Kurita, 2013; Kurita et al., 2011; Lawrence et al., 2004; Lekshmy et al., 2014; Moerman et al., 2013; Risi et al., 2008) and suggest that 18 O P can reflect intraseasonal variability like the Madden-Julian Oscillation (Kurita et al., 2011) or tropical cyclone activity (Frappier et al., 2007) . The mechanisms are still debated. The recycling of low 18 O water vapor below the cloud base in convective systems may contribute to the decrease of 18 O P , and raindrop reevaporation depletes the surrounding water vapor (Lee & Fung, 2008) . Convection depth and condensation height are other important factors. Lacour et al. (2018) find that deep convection is associated with isotopically depleted water vapor and precipitation, while Cai and Tian (2016) show that the cloud-top height correlates well with 18 O P .
A recent observational study (Aggarwal et al., 2016) revealed a negative correlation between stratiform fraction (ratio of stratiform precipitation to total precipitation) and 18 O P , providing a new yardstick for model evaluation (R 2 = 0.59, p value < 0.0001). They used Tropical Rainfall Measuring Mission (TRMM) 2A25/2A23 satellite data (2.5 ∘ × 2.5 ∘ ) and 18 O P at GNIP stations from 1998 to 2014 and compared the stratiform rainfall fraction to the 18 O P data (Figure 1 ). They proposed that convective precipitation was generated from strong updrafts, which brings isotopically enriched water vapor up, making 18 O P higher. For the stratiform precipitation, raindrops formed from the 18 O-depleted water vapor in the midtroposphere, resulting in more negative 18 O P . Aggarwal et al.'s (2016) conclusion that more stratiform rainfall fraction is associated with lower 18 O P does not conflict with previous findings that organized convection corresponds to low 18 O P . In the tropics, organized convection is associated with a higher stratiform fraction. Stratiform precipitation is often thought to occur only in fronts and cyclones in the midlatitudes, but it can also occur in the tropics and even account for a large portion of the tropical rainfall, especially in mesoscale convective systems (MCSs). In the tropics, precipitation is often the product of young/vigorous convection (with strong vertical air motion), which generates convective precipitation, or old/less active convection (with weaker vertical air motion), which generates stratiform precipitation and shares similar characteristics to midlatitude stratiform precipitation (Houze, 1997) . For example, MCSs constitute organized convection. They are very common in the tropics, accounting for about 50% of tropical precipitation (Nesbitt et al., 2006) , and feature both convective and large stratiform regions. Thus, when stratiform precipitation comes to dominate in MCSs, these organized convective systems may generate 18 O-depleted precipitation.
Isotope-enabled models are useful tools to study the variability of 18 O P by separating different factors influencing 18 O P (Hoffmann et al., 1998; Joussaume et al., 1984; Jouzel et al., 1987; Noone & Simmonds, 2002; Schmidt et al., 2007; Yoshimura et al., 2008) , and since they can fill in the gaps between climate variables and paleoclimate records with the aid of proxy system models Evans et al., 2013) , they can be directly exploited to investigate the variability of paleoclimate proxies (Baker et al., 2012; Dee et al., 2017; Jex et al., 2013) . Since convective activity plays an important role, it is important to determine to what extent isotope-enabled climate models can reproduce the relationships between convection and 18 O P . This evaluation will give insights into possible improvements in current isotope-enabled models. If models can grasp the convection-18 O P relationship, it will help justify their use in investigating the variability of 18 O P and interpret paleoclimate records based on it.
Another reason for probing this relationship is that stable water isotopes provide unique constraints on general circulation model (GCM) performance. They offer opportunities to constrain physical processes such as cloud and convection schemes in GCMs by comparing with traditional observations (including instrumental observations from ground stations, satellites, and aircraft). For instance, previous studies have probed the sensitivity to parameters in convection schemes, such as the time scale for consumption of convective available potential energy (Lee et al., 2009; Tharammal et al., 2017) , convective available potential energy thresholds (Nusbaumer et al., 2017) , entrainment rate (Field et al., 2014) , and others Risi et al., 2012) . In this paper, we use the observed relationship between convection types/depth and 18 O P as another yardstick to constrain convective processes in GCMs.
As an application, we explore how the quantification of these relationships affects the interpretation of paleohydrological records based on 18 O P , particularly 18 O from Asian speleothems. Traditionally, the 18 O of Asian speleothem calcite has been interpreted as an indicator of (a) regional precipitation, (b) the ratio of summer to winter precipitation, or (c) monsoon intensity (Cheng et al., 2009; Dykoski et al., 2005 , Wang et al., 2001 . This assumes that the amount effect is dominant, though recent studies have shown that Asian speleothem 18 O can also be determined by upstream water vapor 18 O (Pausata et al., 2011) , the variability of moisture sources (Tian et al., 2007) , changes in atmospheric circulation (Maher & Thompson, 2012; Tan, 2014) , and convective activity (Cai & Tian, 2016; Kurita, 2013; Lekshmy et al., 2014) . Thus, it is necessary to compare the relative contributions impacting 18 O P , which will help constrain the interpretation of these records. This is of great importance because Asian monsoon systems ultimately provide water supporting over 4 billion people, and speleothem records provide a unique window into the natural variability of these systems.
The paper is structured as follows: we introduce data and methods in section 2 and evaluate how isotope-enabled models simulate the relationship between convective activity and 18 O P in section 3. Section 4 discusses the implications of the evaluation results and provides our conclusions. 
Data and Methods
The model outputs analyzed here are from LMDZ, CAM2, isoGSM, MIROC, and HadAM4 as part of the Stable Water Isotope Intercomparison Group, Phase 2 (SWING2) project (Risi et al., 2012;  https://data.giss.nasa.gov/swing2/), forced by observed sea surface temperature (SST) and sea ice following the Atmospheric Model Intercomparison Project protocol (Hurrell et al., 2008) . The results of SPEEDY-IER and iCAM5 are also from an Atmospheric Model Intercomparison Project-style experiment (see Table 1 for references). Here we call the models participating in the SWING2 project SWING2 models. iCAM5 is a state-of-the-art isotope-enabled models, with finer resolution, complex convection, and stratiform cloud physics schemes, including the conversions of cloud water species (liquid, ice, vapor, and snow) and subgrid-scale processes in clouds (Nusbaumer et al., 2017) . In the rest of this paper, convective rainfall will be identified with the models's convective precipitation variable (CONV) and stratiform precipitation with the large-scale (LS) precipitation variable. The impacts of this approximation are discussed below.
TRMM 3A25 (monthly data with the resolution of 1 ∘ × 1 ∘ , 1998-2014) is used to calculate the observed climatological stratiform rainfall fraction in the tropics. In TRMM 3A25, the rainfall type in one pixel is identified by comparing its reflectivity to the averaged nearby reflectivity. If the reflectivity of a pixel exceeds the surrounding background by a factor f , the pixel is considered to be convective. The f is a function of the background reflectivity intensity and is calibrated to match a manual separation of convective/stratiform regions where a bright band is identified in radar echoes. A bright band is a sufficient condition for a region to be stratiform. A detailed description of this algorithm can be found in http://www.eorc.jaxa.jp/TRMM/ documents/PR_algorithm_product_information/pr_manual/PR_Instruction_Manual_V7_L1.pdf.
GCMs commonly generate convective precipitation within their convection schemes and produce LS precipitation within their cloud/microphysics schemes. In GCMs, the convection process consumes water vapor, forming convective precipitation, with vertical air motion and adjustments of temperature and humidity profiles. Then, cloud/microphysics schemes produce LS precipitation from the remaining water vapor if a saturation condition is reached. By definition, all precipitation formed as part of this convection process is convective (CONV) precipitation. In nature, convective and stratiform precipitation occur simultaneously, and stratiform precipitation may account for a large fraction of precipitation in convection. TRMM observational analyses use satellite-based radar reflectivity to distinguish convective and stratiform precipitation because the difference in radar reflectivity characteristics can ensure that the classified precipitation has the characteristics described in Houze (1997) . Therefore, although the separation scheme of convective and stratiform precipitation in TRMM is different from that in models, they intend to partition both convective and stratiform precipitation as in Houze (1997) : Young/vigorous convection with strong vertical motion is categorized as convective precipitation, while old/inactive convection with weak vertical motion is categorized as stratiform precipitation. Also, TRMM satellite data were used to evaluate convective and stratiform precipitation in climate models in previous studies (Dai, 2006; Song & Yu, 2004) . Thus, in this paper the simulation of convective/stratiform precipitation in GCMs is compared with TRMM observations and the results of Aggarwal et al. (2016) . The stratiform fraction in model simulations is calculated as the ratio of LS precipitation to total precipitation (CONV + LS). 
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All correlations calculated in the paper are based on monthly data. When establishing significance, we use an isospectral test (Ebisuzaki, 1997) to control for autocorrelation, and we use the false discovery rate method (Benjamini & Hochberg, 1995) to control for the multiple hypothesis test problem. See Hu et al. (2017) for why it is essential to control for both effects.
Results

Correlation Between Stratiform Precipitation Fraction and
18 O P Here we evaluate whether isotope-enabled models can simulate the negative correlation between stratiform rainfall fraction and 18 O P . Figure 2 shows the relationship between stratiform fraction and 18 O P in our seven models, over the grid boxes colocated with the GNIP stations analyzed in Aggarwal et al. (2016) . SPEEDY-IER, CAM2, isoGSM, and iCAM5 appear to simulate the observed anticorrelation, albeit with relatively low R 2 values; iCAM5 has the largest such value but still underestimates the slope. Since the distribution of stratiform fraction is nonnormal, we also transform it to normality (Emile-Geay & Tingley, 2016; Figures S1 and S2 in the supporting information) and the results are the same.
To see how models simulate this relationship at other locations, Figure 3 collects grid boxes in the tropics (red dots, 30 ∘ S to 30 ∘ N) and midlatitudes (blue dots, 50-30 ∘ S and 30-50 ∘ N) and displays the relationship between stratiform fraction and 18 O P (results of transformed stratiform fraction is shown in Figures S3 and  S4 ). All models except HadAM4 simulate negative correlations in the midlatitudes, but in the tropics, all models except iCAM5 simulate positive correlations, which is inconsistent with observations (Aggarwal et al., 2016) . Only iCAM5 simulates the negative correlation, though with an R 2 value smaller than observed. Considering the uncertainties from both the observations and models, we focus mainly on a qualitative comparison, looking at the sign of correlation, not the magnitude. Even by this permissive criterion, only iCAM5 successfully simulates the observed negative correlation between stratiform fraction and 18 O P in the tropics.
To see this another way, Figure 4 shows the spatial distribution of the correlation between stratiform fraction and 18 O P over the globe (correlations between monthly time series of stratiform fraction and 18 O P at each grid cell). All models simulate negative correlations in the continental midlatitudes, but all models except iCAM5 simulate positive correlations in the tropics. iCAM5 is the only model to simulate negative correlations over most areas in both tropics and midlatitudes, as in observations. LMDZ simulates the negative correlations only over the Indo-Pacific warm pool in the tropics. In the continental midlatitudes, cold seasons tend to see larger stratiform fractions (smaller convective fractions) and cold temperatures, leading to lower 18 O P . All models except iCAM5 simulate positive correlations over the midlatitude oceans. This cannot be constrained by GNIP observations since stations are all on land. One possible explanation for this is that midlatitude cyclones bring in warmer and more isotopically enriched air, while at the same time generating large stratiform precipitation fractions, producing the positive correlations. All models can simulate both relationships, so all models generate negative correlations between stratiform fraction and 18 O P there. In the tropics, seasonal variability is small, so the correlation between stratiform fraction and 18 O P is more dependent on convection and microphysics schemes (it is a more sensitive indicator of model verisimilitude for these processes, and it appears that no particular type of convection scheme improves simulating this relationship). Some oceanic regions immediately west of continents show positive correlations in iCAM5. These are arid regions where climatological monthly precipitation is less than 1.5 mm/day (masked regions in Figure 9 ), so the uncertainty of stratiform precipitation fraction is high. Many of these regions are also places where stratiform clouds always exist, so the separation between convective and stratiform precipitation is somewhat arbitrary since stratiform clouds always present. Whether the results of Aggarwal et al. (2016) apply for these regions needs future investigation.
It should be noted that the observations themselves are affected by their own uncertainties. For example, the stratiform fraction in Aggarwal et al. (2016) is retrieved from satellite-based reflectivity. There are uncertainties in the satellite observation itself and the conversion process. Also, the estimated stratiform fraction hinges on the criteria for the classification of stratiform and convective precipitation (e.g., including shallow nonisolated precipitation in stratiform precipitation or not; Funk et al., 2013) . Finally, the relationship revealed in Aggarwal et al. (2016) is based on a relatively short time series (monthly data for 16 years vs. 29 to 35 years for GCMs).
To better understand why iCAM5 can simulate the negative relationship between stratiform fraction and 18 O P , its cloud microphysical processes over tropical convective and stratiform regions are diagnosed in Figure 5 . The water vapor 18 O vertical profile shows more depleted vapor over stratiform than convective regions, and more 18 O-depleted water vapor will form more negative 18 O P . The deuterium excess of water vapor (d) can be an indicator of kinetic effects, which occur during vapor deposition onto ice particles and reevaporation of rain in low humidity environments (Kurita et al., 2011) . Figure 5b shows that iCAM5 simulates higher d values in the middle to upper troposphere (600-300 hPa) in stratiform regions than convective regions. This indicates that more ice crystals form in the upper troposphere over stratiform regions. The condensation heating profile (Figure 5c ) also confirms that stratiform regions have more condensation in the upper levels than convective regions. Since more ice particles are generated from 18 O-depleted water vapor, Figure 5 . Vertical profiles of (a) water vapor 18 O, (b) deuterium excess, and (c) condensational heating over the convective rainfall region, the stratiform rainfall region, and no rain region in the tropics (30 ∘ S to 30 ∘ N) in iCAM5. The convective/stratiform rainfall region is where the proportion of convective/stratiform rainfall to total rainfall exceeds 0.8.
these particles have a more negative 18 O when they precipitate to the ground, resulting in lower
This process is consistent with Aggarwal et al. (2016) in that stratiform precipitation mainly forms with the 18 O-depleted water vapor in the upper atmosphere. Another possible explanation for the high d values in the upper troposphere over stratiform regions in iCAM5 is that stratiform precipitation is fed by water vapor, which has been recycled via the reevaporation of rain, following the moisture recycling processes revealed in Risi et al. (2008) and Kurita et al. (2011) . This is consistent with the iCAM5 code, in which the LS cloud physics always triggers after the convection. The vertical profiles of deuterium excess of water vapor in other models ( Figure S6 ) show that only LMDZ simulates higher d values in the middle to upper troposphere (600-300 hPa) over stratiform regions like iCAM5, but its d values decrease with altitude from surface to 400 hPa.
Therefore, the reason iCAM5 can simulate the observed negative correlation between stratiform ratio and 18 O P can be directly tied to its more faithful representation of the vertical distribution of cloud condensate.
This gives us confidence in using this model to study the role of convection in the interpretation of 18 O P and paleohydrological records (section 3.3). Also, this indicates that 18 O P is a sensitive indicator of the stratiform cloud environment and can therefore help inform the model development cycle. (Lacour et al., 2018) , so OLR also should bear a positive correlation to 18 O P . In the midlatitudes, where convection is much less than the tropics, OLR is more dependent on surface temperature. In summer, surface temperature is higher, leading to higher OLR, and 18 O P also usually reaches its peak due to the temperature effect (Dansgaard, 1964; Galewsky et al., 2016) and vice versa for winter. This makes the variation of OLR and 18 O P in phase in the midlatitudes.
Correlation Between Outgoing Longwave
Since only four out of seven models (SPEEDY-IER, LMDZ, isoGSM, and iCAM5) provide the OLR variable, we restrict the analysis to these four models. All four models (Figure 7 ) simulate the positive correlations between OLR and 18 O P in both tropics and midlatitudes, consistent with the observations. Nonetheless, different models achieve this relationship through different mechanisms. iCAM5, which successfully reproduces the negative correlation between 18 O P and stratiform fraction, can simulate this relationship because its strong LS convective regions (low OLR) are associated with more stratiform precipitation, generating lower 18 O P .
On the other hand, models like SPEEDY-IER, LMDZ, and isoGSM, which do not reproduce the anticorrelation between 18 O P and stratiform fraction, simulate this relationship because stronger convection generates more precipitation, so rainout processes produce lower 18 O P . This is not related to the discrimination of isotope modules in convection and nonconvection processes, so the 18 O P -OLR link is a less sensitive metric of model performance.
From the viewpoint of convection depth, the fact that all models simulate the positive correlations between OLR and 18 O P indirectly shows that models can correctly simulate the relationship between convection depth and 18 O P (Lacour et al., 2018) . The direct examination of how models simulate this relationship is currently limited by the accessibility of the condensation heating variable in SWING2 models.
In summary, all models simulate the observed positive correlation between OLR and 18 O P in the tropics and midlatitudes. Since OLR is an indicator of the intensity of LS convection and convection depth, this result suggests that current isotope-enabled models can be used to study the role of convection depth or LS convection intensity in 18 O P and paleoclimate proxies.
Implications for Speleothem Record Interpretation
As mentioned before, the 18 O of speleothem calcite is frequently used as an indicator of past hydrological conditions (Cheng et al., 2016; Sinha et al., 2011) . Since cave 18 O is driven by variations in 18 O P , understanding the latter is critical to interpreting these records, and 18 O P is controlled by multiple factors including convective activity, rather than an indicator of regional precipitation or monsoon intensity. Thus, it is necessary to compare the relative contributions of different factors impacting 18 O P , which will help constrain the interpretation of speleothem 18 O. While the spatiotemporal distribution of available instrumental observations is very limited, isotope-enabled models provide a perfectly observed, physically consistent framework to explore the interpretation of 18 O P . Since iCAM5 is a state-of-the-art isotope-enabled model, which simulates the variability of 18 O P with high fidelity (Nusbaumer et al., 2017) , and our previous result also shows that it successfully simulates the relationship between convective activity and 18 O P , we now use it to diagnose the causes of 18 O P variability.
Here we estimate the contribution of stratiform fraction, OLR, precipitation amount, and local water vapor advection to the percentage of variance of 18 O P at monthly scales in iCAM5 by calculating the R 2 value between these variables. Water vapor advection is estimated by
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which is based on equation (4) at each grid cell here, it only represents local water vapor advection and cannot describe the contribution of remote water vapor transport. Figure 8 shows the distribution of R 2 values over the Asian monsoon region. Since we are taking the interpretation of speleothem 18 O as an example, many well-known Asian cave sites are also plotted on this map. These sites are included in the recent global compilation SISAL_v1 (Atsawawaranunt et al., 2018) , produced by the PAGES (Past Global Changes, http://www.pages-igbp.org/) working group SISAL (Speleothem Isotopes Synthesis and AnaLysis, http://www.pages-igbp.org/ ini/wg/sisal/intro). Figure 8 shows that stratiform fraction contributes less than 10% of 18 O P variability in Chinese and Indian caves, while it contributes about 20% over the Maritime Continent (Borneo). OLR can explain as much as 50% over the Indochina Peninsula and 20% over the Maritime Continent (consistent with the observational result of Moerman et al., 2013, in Borneo) and still does not contribute more than 10% variability of 18 O P over China and India. The contribution of precipitation amount has a similar spatial distribution to OLR over land, showing that precipitation amount accounts for less than 10% of the variability of 18 O P in China and India (except the southeast corner of the Indian Peninsula), including the celebrated caves of Sanbao (Cheng et al., 2009 (Cheng et al., , 2016 and Hulu (Cheng et al., 2006; Wang et al., 2001; Zhang et al., 2014) . This result suggests that the contribution of convection is as important as precipitation amount over the Indochina Peninsula and the Maritime Continent, and neither convection nor precipitation amount explains much of the variability of precipitation over Chinese and Indian caves. This is in sharp contrast to the classic view that Chinese speleothem records represent local precipitation amount or the ratio of summer to winter precipitation (Cheng et al., 2009; Dykoski et al., 2005; Wang et al., 2001 Wang et al., , 2008 (Battisti et al., 2014; Cheng et al., 2012) even though 18 O P is controlled by many factors as we show here. This is partly because the climate signals over millennia/orbital scales usually feature relatively large amplitude and spatial scales. Another possible reason is 18 O P is more controlled by nonlocal processes, which represent more LS circulation features, if our results hold true for millennia/orbital scales. Tabor et al. (2018) employed iCESM/iCAM5 with the water-tagging technique to constrain the contribution of LS moisture source effects at orbital scales and found that the moisture source contributions are the dominant factor over the South Asian monsoon region.
Discussion and Conclusions
We evaluated the ability of seven isotope-enabled models to simulate the impact of convective activity on 18 O P . The results show that only one (iCAM5) can simulate the negative correlation between stratiform fraction and 18 O P discovered in observations. The iCAM5 results are also consistent with Lacour et al. (2018) 
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Although iCAM5 successfully simulates the negative correlation between stratiform ratio and 18 O P , it should be noted that iCAM5, like other models, largely underestimates stratiform fraction in the tropics (less than 10% while TRMM has over 40%; Figure 9 ). We also note that LMDZ simulates stratiform fraction fairly well in the tropics, even though it does not successfully reproduce the anticorrelation between stratiform rainfall fraction and 18 O P . The underestimation of the stratiform ratio in the tropics in climate models is a common problem (Song & Yu, 2004) , and some studies (Song & Zhang, 2011; Yang et al., 2013) proposed methods to improve its simulation, including modifying microphysics parameterization schemes. In addition, the resolution of GCMs is too coarse to represent organized convection and MCSs, and MCSs have high stratiform ratios, so adding a suitable and feasible parameterization of organized tropical convection for GCMs like that proposed by Moncrieff et al. (2017) may improve the simulation of stratiform fraction. Finally, we note that shallow convection precipitation in models like iCAM5 is categorized as convective precipitation though it accounts for a small (<5%) fraction of the total precipitation, but it shares some features (e.g., relatively stable atmospheric structure) with the defined stratiform precipitation in TRMM, and this may also underestimate the fraction of stratiform precipitation in models. Lacour et al. (2018) (Figure 5b ). This is one plausible reason that deep convection may be associated with depleted 18 O P , apart from downdrafts and reevaporation described in Lacour et al. (2018) . Shallow convection also occurs in iCAM5, and it is unclear if the explanation of Aggarwal et al. (2016) for convective precipitation applies for both deep and shallow convection.
Lastly, we investigated the quantitative contribution of convective activity to 18 O P variability in the Asian monsoon region in iCAM5. The result shows that the role of convection is very important in the Indochina Peninsula, where the variation of OLR is associated with as much as 50% of the variance of 18 O P , and OLR is an indicator of LS convective activity and convection depth. This suggests that paleoclimate records there can be partly interpreted as the variability of LS convection, which can be connected to intraseasonal variability like the Madden-Julian Oscillation. However, the result shows that neither convection nor precipitation amount can explain more than 15% of 18 O P over China and India. This result is in stark contrast to the traditional interpretation of Chinese speleothem 18 O, taken to represent local precipitation amount or the ratio of summer to winter precipitation. If so, this suggests a dominant influence of remote water vapor transport, including the origin of water vapor source (circulation variation), fractionation in water vapor along the transport path, and fractionation at the water vapor source (e.g., SST effect, Pausata et al., 2011 )-a hypothesis that we will investigate in a follow-up study. This analysis is based on monthly mean data, which largely reflects the seasonal variability, and recent studies (Eastoe & Dettman, 2016) show that seasonal relationships between 18 O P and climate variables may not hold true for longer time scales. Whether local contributions to the variability of 18 O P are still small for interannual-decadal or longer time scales deserves careful investigation. We should note that this result is based on one model, and validation by observations is also necessary.
Compared with previous isotope-enabled model evaluations (Conroy et al., 2013; Midhun & Ramesh, 2016; Risi et al., 2012) , we mainly focused on the role of convective activity and tried to quantify the contribution of precipitation amount, convection, and local water vapor advection. Our results, like these previous studies, show a large model spread in simulating relationships between water isotopes and climate variables, indicating the unique ability of water isotope observations to discriminate between models.
Our results suggest that a state-of-art model like iCAM5 can successfully simulate the role of convection in the variability of 18 O P , which gives us confidence in using this model to study the interpretation of 18 O P and hydrological paleoclimate records. It also implies that there are no shortcuts for isotope-enabled models to simulate the role of precipitation types in 18 O P . The necessary processes in cloud microphysics have to be captured if we want to use models to study the impact of convection on 18 O P . Also, isotope-enabled models, which provide water isotope ratios that standard GCMs do not track, can be used to constrain convective and microphysical processes in GCMs, which should help improve future climate projections.
